The GaoFen-4 (GF-4), launched at the end of December 2015, is China's first high-resolution geostationary optical satellite. A panchromatic and multispectral sensor (PMS) is onboard the GF-4 satellite. Unfortunately, the GF-4 has no onboard calibration assembly, so on-orbit radiometric calibration is required. Like the charge-coupled device (CCD) onboard HuanJing-1 (HJ) or the wide field of view sensor (WFV) onboard GaoFen-1 (GF-1), GF-4 also has a wide field of view, which provides challenges for cross-calibration with narrow field of view sensors, like the Landsat series. A new technique has been developed and used to calibrate HJ-1/CCD and GF-1/WFV, which is verified viable. The technique has three key steps: (1) calculate the surface using the bi-directional reflectance distribution function (BRDF) characterization of a site, taking advantage of its uniform surface material and natural topographic variation using Landsat Enhanced Thematic Mapper Plus (ETM+)/Operational Land Imager (OLI) imagery and digital elevation model (DEM) products; (2) calculate the radiance at the top-of-the atmosphere (TOA) with the simulated surface reflectance using the atmosphere radiant transfer model; and (3) fit the calibration coefficients with the TOA radiance and corresponding Digital Number (DN) values of the image. This study attempts to demonstrate the technique is also feasible to calibrate GF-4 multispectral bands. After fitting the calibration coefficients using the technique, extensive validation is conducted by cross-validation using the image pairs of GF-4/PMS and Landsat-8/OLI with similar transit times and close view zenith. The validation result indicates a higher accuracy and frequency than that given by the China Centre for Resources Satellite Data and Application (CRESDA) using vicarious calibration. The study shows that the new technique is also quite feasible for GF-4 multispectral bands as a routine long-term procedure.
Introduction
Since the first Chinese land observation satellite, the China Brazil Earth Resource Satellite (CBERS-01), launched in 1999, signifying an unprecedented milestone in Chinese satellite remote sensing history, several series of Chinese land observation satellites have been developed, like HuanJing (HJ), ZiYuan (ZY), ShiJian (SJ), and GaoFen (GF). The GF-1 satellite was successfully launched on 27 April 2013 by the China Centre for Resources Satellite Data and Application (CRESDA). As the first satellite promoted by the high-definition Earth observation system (HDEOS) by the Chinese government, GF-1 initiates a new era for high-resolution land observation data applications. After that, GF-2, GF-3, and GF-4 have been successfully launched into space. Another three or four satellites in HDEOS are expected to be launched in the next ten years in succession [1] . Launched on 31 December Table 1 . Primary characteristics of GaoFen-4 (GF-4)/panchromatic and multispectral sensor (PMS), GF-1/wide field of view sensor (WFV), and HuanJing-1 (HJ-1)/charge-coupled device (CCD) in multispectral bands. GF-4 will provide fast, reliable, and stable optical remote sensing data for various applications, such as disaster reduction, forestry, earthquakes, and meteorology, which will add a new technical method for disaster risk forecasting, forest fire monitoring, seismic tectonic information extraction, and weather monitoring. GF-4 also has a great potential and broad application space in environmental protection, marine observation, agriculture, water conservancy, and other industries and regional applications. However, as we all know, like HJ-1 and GF-1, GF-4 lacks onboard calibration capabilities, which limits the applications of the satellite. In order to better use GF-4 satellite data quantitatively, alternative calibration methods need to be developed.
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Zhong et al. developed a new cross-calibration technique in 2014 for moderate-to high-spatialresolution data with large-angle observation and validated the approach by applying it to cross-calibration of HJ-1/CCD [2] . In this method, the Landsat Enhanced Thematic Mapper (TM) plus (ETM+) and Advanced Spaceborne Thermal Emission and Reflection Radiometer global digital elevation model (ASTER GDEM) product are used to develop a model of a desert site's bi-directional reflectance distribution function (BRDF). With the retrieved BRDF, the surface reflectance under the HJ-1/CCD's solar illumination and view geometries of the calibration site are simulated. Then the top-of-atmosphere (TOA) can be calculated using the atmospheric radiative transferring model. The method has performed very well for different HJ-1/CCD sensors in consecutive years and satisfies the requirement of 5% error from ground measurements for radiometric calibration procedures. In 2015, Yang et al. updated the method and cross-calibrated the GF-1/WFV [3] . This improvement is mainly reflected in two aspects: (1) the Operational Land Imager (OLI) onboard Landsat-8 (Landsat-8/OLI) with the same radiometric resolution as GF-1/WFV is used to replace the Landsat TM/ETM+; and (2) the DEM extracted by the three-line camera sensor (TLC) onboard ZiYuan 3 (called ZY-3 DEM, hereafter) with higher horizontal resolution is used instead of the ASTER GDEM. The BRDF characterization retrieved by the updated method has high accuracy (difference errors of surface Remote Sens. 2017, 9, 232 3 of 17 reflectance between simulations using the BRDF characterization and actual values is less than 5%) and more detail for the higher spatial radiometric resolution of DEM products and higher radiometric resolution than the OLI. The updated method was validated using the synchronized OLI images in the Dunhuang test site, and the result showed a high accuracy and less error (almost less than 5%) with that calculated with the given calibration coefficients by CRESDA (and could even reach 30%).
GF-4/PMS has a wide field of view, like HJ-1/CCD and GF-1/WFV, which provides challenges for cross-calibration using the Landsat series with narrow field. This study attempts to demonstrate that the new cross-calibration method is also feasible for GF-4/PMS. The cross-calibration of GF-4/PMS is conducted using the above technique based on the Landsat-8/OLI imagery and DEM extracted by the ZY-3/TLC. Then the fitted calibration coefficients are cross-validated using the image pairs of GF-4/PMS and Landsat-8/OLI with similar transit times and close view zenith.
Materials and Methods
In this paper, a cross-sensor calibration technique for moderate-to high-spatial-resolution data with large-angle observation is used. The well-calibrated nadir view of Landsat-8/OLI data and the DEM product derived from ZY-3/TLC are firstly used together to fit the BRDF characterization of the calibration site. The retrieved BRDF is then used to simulate the surface reflectance under GF-4/PMS's solar illumination and view geometries. Thirdly, the TOA reflectance of PMS is calculated using the simulated surface reflectance and Aerosol Optical Depths (AODs) retrieved by times series of MODIS data. Finally, the cross-calibration of GF-4/PMS is performed. The procedure is illustrated in Figure 1 and the major steps are discussed below in detail. the Dunhuang test site, and the result showed a high accuracy and less error (almost less than 5%) with that calculated with the given calibration coefficients by CRESDA (and could even reach 30%). GF-4/PMS has a wide field of view, like HJ-1/CCD and GF-1/WFV, which provides challenges for cross-calibration using the Landsat series with narrow field. This study attempts to demonstrate that the new cross-calibration method is also feasible for GF-4/PMS. The cross-calibration of GF-4/PMS is conducted using the above technique based on the Landsat-8/OLI imagery and DEM extracted by the ZY-3/TLC. Then the fitted calibration coefficients are cross-validated using the image pairs of GF-4/PMS and Landsat-8/OLI with similar transit times and close view zenith.
In this paper, a cross-sensor calibration technique for moderate-to high-spatial-resolution data with large-angle observation is used. The well-calibrated nadir view of Landsat-8/OLI data and the DEM product derived from ZY-3/TLC are firstly used together to fit the BRDF characterization of the calibration site. The retrieved BRDF is then used to simulate the surface reflectance under GF-4/PMS's solar illumination and view geometries. Thirdly, the TOA reflectance of PMS is calculated using the simulated surface reflectance and Aerosol Optical Depths (AODs) retrieved by times series of MODIS data. Finally, the cross-calibration of GF-4/PMS is performed. The procedure is illustrated in Figure 1 and the major steps are discussed below in detail. 
Test Site
In the approach developed by Zhong [2] and Yang [3] , a calibration site of about 30 × 30 km in the Badain Jaran Desert is chosen, located in Central Inner Mongolia of Northern China (Figure 2 ). The selection items are from the following consideration: First, the area is temporally, spatially, and radiationally stable in brightness, spatial homogeneity, altimetry, and bidirectional effects, seasonal variation, and long-term stability; Second, a large number of clean lakes are located in the calibration site, which can be used to determine the aerosol optical depth (AOD) accurately as dark objects (DO) with the DO method [4] . Third, sand is the main surface material in this area and the topography is hilly, which offers a wide range of slopes and aspects to retrieve the BRDF. In this paper, the abovementioned calibration site is still selected and the corresponding Landsat-8/OLI, ZY-3/TLC, and GF-4/PMS data covering this site are collected. 
In the approach developed by Zhong [2] and Yang [3] , a calibration site of about 30 × 30 km in the Badain Jaran Desert is chosen, located in Central Inner Mongolia of Northern China (Figure 2 ). The selection items are from the following consideration: First, the area is temporally, spatially, and radiationally stable in brightness, spatial homogeneity, altimetry, and bidirectional effects, seasonal variation, and long-term stability; Second, a large number of clean lakes are located in the calibration site, which can be used to determine the aerosol optical depth (AOD) accurately as dark objects (DO) with the DO method [4] . Third, sand is the main surface material in this area and the topography is hilly, which offers a wide range of slopes and aspects to retrieve the BRDF. In this paper, the above-mentioned calibration site is still selected and the corresponding Landsat-8/OLI, ZY-3/TLC, and GF-4/PMS data covering this site are collected. 
Data
Landsat-8 was launched to continue the Landsat mission of monitoring Earth systems and capturing changes at relatively high spatial resolution as one of the sensors of the Landsat Data Continuity Mission (LDCM) [5] . In addition to fulfilling Landsat's goal in data continuity, Landsat-8 also offers some significant improvements in both data quality and spectral coverage [6] [7] [8] [9] . Landsat-8 has an Operational Land Imager (OLI) and a Thermal Infrared Sensor (TIRS) onboard. The Landsat-8/OLI is designed by Ball Aerospace and Technology Corporation (BATC) and it includes nine bands covering the visible, near-infrared, and short-wave infrared portions of the spectrum [10] .
The Landsat-8/OLI has exceptional radiometric stability. The calibration accuracy and continuity of the Landsat-8/OLI are performed through pre-launch, on-board, and vicarious calibration techniques [11, 12] . Prior to launch, radiance calibration is primarily used in an integration sphere, with the assistance of noise characterization, linearity, stray light, bright target recovery, and ghosting [13, 14] . The OLI includes an on-board radiometric calibration system to monitor changes in performance throughout the mission time, and techniques such as lunar views and side slither manoeuvers are also used to monitor the calibration system of the OLI [12] . During the commissioning phase, Landsat-8 was temporarily placed in an intermediary orbit, where it drifted relative to Landsat-7. 
The Landsat-8/OLI has exceptional radiometric stability. The calibration accuracy and continuity of the Landsat-8/OLI are performed through pre-launch, on-board, and vicarious calibration techniques [11, 12] . Prior to launch, radiance calibration is primarily used in an integration sphere, with Remote Sens. 2017, 9, 232 5 of 17 the assistance of noise characterization, linearity, stray light, bright target recovery, and ghosting [13, 14] . The OLI includes an on-board radiometric calibration system to monitor changes in performance throughout the mission time, and techniques such as lunar views and side slither manoeuvers are also used to monitor the calibration system of the OLI [12] . During the commissioning phase, Landsat-8 was temporarily placed in an intermediary orbit, where it drifted relative to Landsat-7. This provided nearly simultaneous imaging for approximately three days, making data comparisons and cross-calibration possible [15] . Furthermore, the early ground-based vicarious radiometric calibration of Landsat-8/OLI is performed, and the results show that the comparison between the TOA spectral radiance obtained by the OLI and the ground-based measurements show exceptional agreement (bands 1-6 < 1%, band 7 < 5%) [15] . Czapla-Myers et al. [16] used the reflectance-based approach and the radiometric calibration test site to examine the stability of the Landsat-8/OLI instrument, and the results show the TOA spectral radiance calculated by the two methods agree with the ground-based measurements (5% uncertainty for the reflectance-based approach, and 3%-4% uncertainty for the radiometric calibration test site method). In addition, practical and repeatable comparative analyses of the Landsat-7/ETM+ and the Landsat-8/OLI were conducted by Peng et al. [17] from spectral bands and vegetation indices, and the results showed that the two sensors had high similarity (the R 2 was greater than 0.96) though subtle differences existed. Therefore, the ETM+ and OLI imagery can be used as complementary data. The radiometric stability of the Landsat-8/OLI makes it a good reference sensor for cross-calibrating GF-4/PMS.
The ZY-3 satellite is the first Chinese civilian high-resolution stereo-mapping satellite. It is equipped with a three-line array panchromatic camera (TLC) and one multispectral scanner [18] [19] [20] . The TLC camera has three scanners, including one nadir-viewing panchromatic scanner with a 2.1 m resolution, one forward-viewing panchromatic scanner with a 3.6 m resolution, and one backward viewing panchromatic scanner with a 3.6 m resolution. The spectral ranges of the forward, backward, and nadir scanners are all 500-800 nm, covering the visible and near-infrared portions of the spectrum. The swath width of the forward and backward images is approximately 52 km, and that of the nadir image is approximately 51 km. The revisit period of each independent scanner on-board ZY-3 is approximately 3-5 days. The primary characteristics of ZY-3 are listed in Table 2 . The applications of ZY-3's data are primarily cartography, DEM modelling, and resource investigation [17, 21, 22] . In this paper, we use the DEM extraction function model providing by the Environment for Visualizing Images (ENVI) software to extract the DEM data. The slope and aspect are also calculated from the ZY-3 DEM using the function model.
Spectra Matching
Before performing the cross-calibration of the GF-4/PMS, we first estimate the spectral properties. The spectral response function (SPF) of the GF-4/PMS and the Landsat-8/OLI are plotted in Figure 3 . To derive the GF-4/PMS reflectance of the calibration site, the spectral discrepancy is taken into account and the spectral matching factor is used. Given the ground-measured spectrum of the site, and the Remote Sens. 2017, 9, 232 6 of 17
SPFs of both the GF-4/PMS and Landsat-8/OLI, the spectral matching factor can be calculated by the Equation (1) [2, 3, 23] :
where f pms (λ) and f OLI (λ) are the relative spectral response functions for the GF-4/PMS and Landsat-8/OLI, respectively. λ 1 -λ 2 is the spectral range of the PMS; λ 3 -λ 4 is the spectral range of the OLI. The ground-measured spectrum of the calibration site we used in this paper comes from the measurement in Badain Jaran desert in 2012. We calculate the spectral matching factor a i between the GF-4/PMS and OLI, respectively, and show them in Table 3 .
Remote Sens. 2017, 9, 232 6 of 16 measurement in Badain Jaran desert in 2012. We calculate the spectral matching factor between the GF-4/PMS and OLI, respectively, and show them in Table 3 . Figure 3 . Difference curve in SPF for different spectral band of PMS and Operational Land Imager (OLI) (the SPF of PMS is published by CRESDA through its website [24] ; and the SPF of OLI is published by NASA through its website [25] ). Table 3 . Spectral matching factor between GF-1/WFV and OLI.
Band
Blue Green Red NIR Spectral matching factor (a) 1.0653 0.9978 0.9971 0.9987
Radiometric Capability of GF-4/PMS
In order to have overall knowledge of the radiometric capability of the GF-4/PMS, long time series clear images (without cloud and haze contamination) are selected. The TOA reflectance of GF-4/PMS in multispectral bands can be calculated using Equation (2):
where is the TOA reflectance; is the TOA radiance; is the distance between the Sun and the Earth; is the solar elevation; and is the solar irradiance at the top of atmosphere and published by CRESDA through its website [24] , listed in Table 4 . The unit for is W ⋅ m ⋅ μm . can be calculated using Equation (3) for laboratory calibration, and Equation (4) for vicarious calibration:
where is the digital reading from the GF-4/PMS image, and are the coefficients from the laboratory calibration (listed in Table 5 ), and is the coefficient come from vicarious calibration (the SPF of PMS is published by CRESDA through its website [24] ; and the SPF of OLI is published by NASA through its website [25] ). 
where ρ λ is the TOA reflectance; L λ is the TOA radiance; d is the distance between the Sun and the Earth;
θ SZ is the solar elevation; and ESUN λ is the solar irradiance at the top of atmosphere and published by CRESDA through its website [24] , listed in Table 4 . The unit for ESUN λ is W · m −2 · µm −1 . L λ can be calculated using Equation (3) for laboratory calibration, and Equation (4) for vicarious calibration:
where DN is the digital reading from the GF-4/PMS image, a and b are the coefficients from the laboratory calibration (listed in Table 5 ), and gain is the coefficient come from vicarious calibration (listed in Table 6 ). a, b, and gain are relevant to the integration time and published by CRESDA through its website separately [24] . The unit for L is W · m −2 · sr −1 · µm −1 . In order to evaluate the radiometric capability of the GF-4/PMS, we use data from MODIS as a reference to check the variations of GF-4/PMS data. MODIS is a state-of-art instrument with very high radiometric capacity and it has very high temporal frequency, so we compare the TOA reflectance of the GF-4/PMS data with MODIS level 1b data (500 m resolution) including MOD02 (Level-1B Calibrated Geolocation Dataset) and MOD03 (Geolocation Dataset). In order to make them comparable we define several criteria: (1) they have very close passing time, which removes the influence of atmosphere condition changes; (2) they have very close view zenith (difference within 10 • ), which removes of bidirectional effect; (3) they lack cloud contamination; and (4) the GF-4/PMS is resampled to 500 m. Before the evaluation, the spectral matching factors in four bands between MODIS and PMS are calculated using Equation (1). The MODIS instrument has a state-of-the-art onboard calibration system with an absolute accuracy better than 2% [26] . We plot out the scatterplot of the TOA reflectance of the image pairs in Figure 4 . Compared with MODIS, the radiometry of the GF-4/PMS after both laboratory calibration and vicarious calibration are varied. The long-term tendency of MODIS' TOA reflectance remains consistent and the slope values are very close to 0, which indicates a very small variation trend. Furthermore, the standard deviations of MODIS' TOA reflectance are within 0.02. However, the maximum difference of TOA reflectance between MODIS and the GF-4/PMS calculated using laboratory calibration coefficients can be as high as 92.39% for the blue band, 37.12% for the
green band, 20.76% for the red band, and 23.20% for the NIR band, while the maximum difference of TOA reflectance between MODIS and the GF-4/PMS calculated using vicarious calibration coefficients is 52.61% for the blue band, 35.11% for the green band, 17.75% for the red band, and 18.15% for the NIR band. The TOA reflectance of the PMS after vicarious calibration are slightly better than that after laboratory calibration, which means the radiometric capability has been changed due to the environmental factors of space and instrument aging since the GF-4/PMS launched. Although the calibration site is very stable with time, the long-term tendency of the TOA reflectance of these GF-4/PMS images are not stable, as gradual calibration drifts are observed. By comparison with MODIS, the PMS after vicarious calibration still has a worse radiometric capability, both in stability and accuracy. Remote Sens. 2017, 9, 232 8 of 16 Sensors' radiometric capability can be expected to change during launch and on-orbit operations because of the varying space environment and instrument aging [27] . In order to correct the changes, regular and reliable onboard absolute calibration are required to assure a sensor's radiometric capability with good accuracy and stability. For those satellite sensors with spaceborne calibration systems, like Moderate Resolution Imaging Spectroradiometer (MODIS), the spectral response shifts and bandwidth changes on-orbit can be tracked by the onboard calibrator. For some satellites' sensors without onboard calibration calibrators, such as AVHRR, they use vicarious calibration techniques once a month to provide full aperture calibrations with relatively high accuracy as an independent evaluation of the sensor performance [28] .
However, most of Chinese remote sensing satellite sensors lack onboard calibrators, like the GF-4/PMS, and radiometric calibration has been updated only once a year based on a vicarious calibration procedure. The radiometric capability of these sensors cannot be monitored in real-time Sensors' radiometric capability can be expected to change during launch and on-orbit operations because of the varying space environment and instrument aging [27] . In order to correct the changes, regular and reliable onboard absolute calibration are required to assure a sensor's radiometric capability with good accuracy and stability. For those satellite sensors with spaceborne calibration systems, like Moderate Resolution Imaging Spectroradiometer (MODIS), the spectral response shifts and bandwidth changes on-orbit can be tracked by the onboard calibrator. For some satellites' sensors without onboard calibration calibrators, such as AVHRR, they use vicarious calibration techniques once a month to provide full aperture calibrations with relatively high accuracy as an independent evaluation of the sensor performance [28] .
However, most of Chinese remote sensing satellite sensors lack onboard calibrators, like the GF-4/PMS, and radiometric calibration has been updated only once a year based on a vicarious calibration procedure. The radiometric capability of these sensors cannot be monitored in real-time and the degradation cannot be corrected in a timely manner, which has great influence on the application of the data. A highly frequent procedure for calibration could be a solution for the instability. Thus, the cross-calibration of the GF-4/PMS is necessary.
Cross-Calibration of the GF-4/PMS
To obtain accurate BRDF characterizations of the calibration site, the surface reflectance needs to be retrieved first. The steps of the BRDF characterization fitting including the following [2, 3] :
(1) Collect clean OLI images covered the calibration desert site; (2) Retrieve the AOD at 550 nm using the DO method. There are many clear lakes located in the calibration site, which can be seen as the dark objects. First, calculate the radiance of these selected images, and record the radiance on the clear lakes area in the blue band since the reflectance in clean water bodies is low (about 5%) and the radiance can be seen as atmospheric path radiation; (3) Build the 6S model. Firstly, a set of parameters are set up as input, including the atmospheric model, serosol model, geometrical condition (including solar zenith, solar azimuth, view zenith, and view azimuth), wavelength, surface reflectance, and a set of AODs. In these parameters, only AOD can be changed, and every input AOD corresponds to a TOA radiance as the output. Consequently, the relationship between AOD and TOA radiance can be set up. Therefore, the AODs for all of the selected images can be retrieved. The atmospheric effect can be corrected with the retrieved AODs for these selected images since the site is hardly influenced by human activities. Finally, the surface reflectance of these selected images is calculated; and (4) Establish a 4-D lookup table (LUT) as the BRDF characterization with the solar zenith angle of slope, view zenith angle of slope, and the relative azimuth angle of slope as inputs, and the surface reflectance as the output. Given any combination of solar zenith angle, view zenith angle, and relative azimuth angle input for the LUT, the output is a unique interpolated surface reflectance. Notably, the calculated slope and aspect are in a local coordinate system, while the solar illuminations and view geometries are in the global coordinate system, so coordinates in the global coordinate system need to be converted to those in the local coordinate system.
Since the calibration site is not only homogeneous, but also covers an area of only 30 km × 30 km, the AOD variation can be assumed to be negligible. An updated AOD retrieval algorithm by Zhong and Liang [29] is based the previous algorithm by Liand and Zhong [30] using MODIS imagery. Detection the 'clearest' observation during a multi-temporal window for each pixel is the central idea of the algorithm. The algorithm mainly contains the following steps: (1) prepare MODIS multi-temporal images and complete the data preprocessing; (2) determine AOD for the 'clearest' day by the DO method mentioned above using the OLI imagery; (3) sort the long time series images of MODIS by visual interpretation and select the 'clearest' observation during the temporal window and detect the 'clearest' pixel; (4) retrieve the surface reflectance of the 'clearest' pixels using the 6S model; (5) fit the site's BRDF using the Staylor-Suttles BRDF model [31] ; (6) retrieve the surface reflectance of all pixels containing the 'hazy' pixels using the Staylor-Suttles BRDF model; and (7) retrieve the AOD using the MODTRAN radiant transfer code [32] . With the above procedures, we can retrieve the AOD of any MODIS image. Since the calibration is stable, given any GF-4/PMS image, its AOD can be calculated by the corresponding MODIS image with the same transit date with the GF-4/PMS image, although the two images may have a short difference of transit time.
In this paper, 16 GF-4/PMS images are selected. The acquisition times, sun angles, and the retrieved AODs of these images are listed in Table 7 . With the derived surface reflectance and the AOD retrieved by MODIS imagery, the TOA radiance of GF-4/PMS is calculated using the 6S model. An example of the simulated TOA radiance and its corresponding GF-4/PMS image on 15 June 2016 in blue and green bands are shown in Figure 5 . The mean TOA radiance and DN for every GF-4/PMS image are listed in Table 8 . 
Results
The calibration coefficients for the GF-4/PMS can be calculated using Equation (1) . The gains can be directly used for the radiometric calibration of the GF-4/PMS without considering the integration time. The calibration coefficients retrieved in this paper are shown in Table 9 . The calibration coefficients fixed in this paper are slightly different with that published by CRESDA, so further verification is needed. We know that the Working Group on Calibration and Validation of the Committee on Earth Observation Satellites always take ground measurements of land surface spectra and atmospheric parameters at the Dunhuang test site, which could be used to verify our result as actual data. Unfortunately, we have lack enough synchronized ground measurement data, so we select the OLI imagery covering the Dunhuang test site as the reference data for cross-validation. Using the GF-4/PMS synchronized data, the procedure is carried out by the following steps:
(1) Choose image pairs of the GF-4/PMS and OLI with similar transit times at the Dunhuang test site; the information of these chosen image pairs are listed in Table 10 . (2) Calculate the TOA reflectance of these GF-4/PMS images using the site calibration coefficients published by CRESDA and fixed in this paper, separately. The TOA reflectance of the GF-4/PMS can be calculated using Equations (2) and (3). (3) Calculate the TOA reflectance of these OLI images using its given calibration coefficients published in the header files. The radiance of Landsat-8/OLI image can be calculated using Equation (5):
where ρ λ is the TOA reflectance; M ρ is the band-specific multiplicative rescaling factor from the metadata (REFLECTANCE_MULT_BAND_X, where X is the band number); A ρ is the band-specific additive rescaling factor from the metadata (REFLECTANCE _ADD_BAND_X, where X is the band number); and Q cal is the quantized and calibrated standard product pixel values (DN); and θ SE is the solar elevation. (4) Compare the three sets of TOA reflectance. The comparison results are listed in Table 11 . Compared to the TOA reflectance from synchronized OLI images, almost all of the errors of the TOA reflectance calculated with the calibration coefficients in this paper are less than 5%, more than half of those are less than 3%, and only a few of those are over 5% and less than 7%, which are much less than that calculated with the given calibration coefficients by CRESDA, whose error could reach as high as 40%. Consequently, the calibration coefficients retrieved in this paper have much higher accuracy and the cross-calibration method performs excellently for the GF-4/PMS.
In order to observe the improvement before and after the cross-calibration of the GF-4/PMS, we compared the TOA reflectance between the PMS after cross-calibration and MODIS images, and the results are shown in Figure 6 . The maximum difference of TOA reflectance between MODIS and GF-4/PMS is 11.09% for the blue band, 9.33% for the green band, 7.34% for the red band and 6.61% for the NIR band. From the comparison, the tendency of the TOA reflectance of PMS has been more stable, and the TOA reflectance values are closer with MODIS. All of the above proved that the radiometric capability of the GF-4/PMS has been improved by cross-calibration. compared the TOA reflectance between the PMS after cross-calibration and MODIS images, and the results are shown in Figure 6 . The maximum difference of TOA reflectance between MODIS and GF-4/PMS is 11.09% for the blue band, 9.33% for the green band, 7.34% for the red band and 6.61% for the NIR band. From the comparison, the tendency of the TOA reflectance of PMS has been more stable, and the TOA reflectance values are closer with MODIS. All of the above proved that the radiometric capability of the GF-4/PMS has been improved by cross-calibration. 
Discussion
Compared with the given calibration coefficients provided once a year, the updated crosscalibration method can provide as many calibration coefficients as possible only if there is GF-4/PMS imagery at the Badain Jaran Desert calibration site without cloud contamination. The crosscalibration method can be made a routine procedure for cross-calibrating GF-4/PMS.
In fact, the difference of the view zenith angle between OLI and PMS will impact the crossvalidation result. Figure 7 gives an example of the angle effect of the red band of Terra/MODIS. The reflectance varies with relative azimuth and solar zenith angle for each bin of view zenith angle, which shows systematic variation that is due to directional effects. The directional effect is about 15%. Furthermore, from Table 11 , it can be found that the blue band of PMS has a higher error than other three bands. This is mainly due to the blue band having the shortest wavelength and most likely to be affected by atmospheric conditions of the four bands. 
Compared with the given calibration coefficients provided once a year, the updated cross-calibration method can provide as many calibration coefficients as possible only if there is GF-4/PMS imagery at the Badain Jaran Desert calibration site without cloud contamination. The cross-calibration method can be made a routine procedure for cross-calibrating GF-4/PMS.
In fact, the difference of the view zenith angle between OLI and PMS will impact the cross-validation result. Figure 7 gives an example of the angle effect of the red band of Terra/MODIS. The reflectance varies with relative azimuth and solar zenith angle for each bin of view zenith angle, which shows systematic variation that is due to directional effects. The directional effect is about 15%. Furthermore, from Table 11 , it can be found that the blue band of PMS has a higher error than other three bands. This is mainly due to the blue band having the shortest wavelength and most likely to be affected by atmospheric conditions of the four bands.
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Figure 7. The calibration site's directional characterization of the red band of Terra/MODIS. The reflectance varies with relative azimuth and solar zenith angles for each bin of the view zenith angle, which shows systematic variation, which is due to directional effects. The directional effect is about 15%.
Conclusions
In this paper, a cross-calibration method has been used to cross-calibrate GF-4/PMS. The method is proposed by Zhong et al. [2] and used for the cross-calibration of HJ-1/CCD over a desert site using Landsat ETM+ imagery and the ASTER GDEM product. After that, Yang et al. [3] updated the method and used it to cross-calibrate the GF-1/WFV using Landsat OLI imagery and the ZY-3/TLC DEM product. The reflectance varies with relative azimuth and solar zenith angles for each bin of the view zenith angle, which shows systematic variation, which is due to directional effects. The directional effect is about 15%.
In this paper, a cross-calibration method has been used to cross-calibrate GF-4/PMS. The method is proposed by Zhong et al. [2] and used for the cross-calibration of HJ-1/CCD over a desert site using Landsat ETM+ imagery and the ASTER GDEM product. After that, Yang et al. [3] updated the method and used it to cross-calibrate the GF-1/WFV using Landsat OLI imagery and the ZY-3/TLC DEM product. The GF-4/PMS has a wide field of view, like HJ-1/CCD and GF-1/WFV, so the cross-calibration method of HJ-1/CCD and GF-4/WFV over a desert site using Landsat ETM+/OLI imagery and DEM products can be referenced for GF-4/PMS. The cross-calibration method has three key steps: BRDF fitting, TOA reflectance calculating, and cross-calibration coefficient fitting. In order to validate the accuracy of the method to GF-4/PMS, image pairs of GF-4/PMS and Landsat-8/OLI with similar transit time and close view zenith are used.
Compared to the TOA reflectance from synchronized OLI images, almost all of the errors of the TOA reflectance calculated with the calibration coefficients in this paper are less than 5%, more than half of those are less than 3%, and only a few of those are over 5% and less than 7%, which are much less than that calculated with the given calibration coefficients by CRESDA, whose error could even reach 40%. Furthermore, the two sets of TOA reflectance of PMS images before and after cross-calibration are compared with that of MODIS images, separately. The result shows that the tendency of the TOA reflectance after cross-calibration of PMS has been more stable than before. Additionally, the TOA reflectance values after cross-calibration are closer with MODIS than before. The comparison result proves that the radiometric capability of GF-4/PMS has been improved by cross-calibration. The validation result indicates the coefficients calculated using the cross-calibration method have higher accuracy and frequency than that given by CRESDA using vicarious calibration. The study shows that the new technique is also quite feasible for GF-4 multispectral bands as a routine long-term procedure.
Only GF-4/PMS data in 2016 has been used for cross-calibration up to now, and insufficient synchronized ground measurements have been carried out, which limit further detailed verification of the updated method, as well as the attenuation in performance of GF-4/PMS since its launch.
